Introduction
During the past 10 yr or so we have witnessed the growth of a pan-European low-fat products market. The re-appraisal of the consumer diet was instigated by the various national committees for nutritional education which put the emphasis on fat as the food ingredient most likely to increase the level of cholesterol in blood and to cause coronary heart disease (1) . Gradually the people of Europe have responded to the call for a reduced intake of fat in diet, both because of health considerations and the desire to be slim, and today reduced calorie products account for almost a tenth of the total food consumption. In the case of low-fat spreads and soft cheeses, straight substitution of water for the high calorie constituent can not be tolerated in terms of texture, mouthfeel and flavour release at more than 600 g/L water phase in the emulsion (2) . Therefore, 400 and 200 g/kg fat continuous dispersions have been produced (halvarines and quarterines respectively) containing carbohydrates (various gums and cellulose), gelatin, starch (intact and modified) and proteins from milk, egg, soya, etc. as functional ingredients. Biopolymers in the above products are meant to be true fat replacers, i.e. to stabilize the aqueous phase and to imitate, as far as possible, the organoleptic properties of fat. The ever growing interest of consumers for adopting a healthier diet led food manufacturers to reduce even further the fat level in formulations and to introduce, in the last 2 yr, spreadable products with 5 or 3% fat content (3) . At such low levels of fat, the product phase inverts with the aqueous component becoming the continuous phase which is penetrated by the fat globules. Obviously, the disproportionate aqueous phase makes the manufacturing of spreads whose physical characteristics resemble those of fat increasingly difficult. It has been argued that suitable combinations of phase-separated protein-protein and proteinpolysaccharide mixtures will convert an otherwise gel-like consistency (elastic or brittle which is inappropriate for spreads) to a plastic response. Rheological, calorimetric and optical work on maltodextringelatin (4), maltodextrin-milk protein (5) and milk-soya protein gels (6) has shown that steric exclusion phenomena between the two components dominate. These systems also have a phase inversion point at which the components in the supporting and discontinuous phases change over. Food rheology is a rapidly developing area and the traditional technique of compression analysis is widely used to monitor the textural properties of mixed biopolymer gels in an attempt to identify satisfactory substitutes of fat in water continuous products. Compression testing is able to differentiate between the long range properties of a hydrocolloid gel, a plastic dispersion and a viscous solution (7) . In the case of gels, the yield stress or hardness is the point where the force goes through a maximum value before its rapid decline at higher levels of compression. The deformation at *To whom correspondence should be addressed.
Lebensm.-Wiss. u.-Technol., 28, 488-494 (1995) 0023-6438/95/050488 + 07 $12.00/0 ©1995 Academic Press Limited maximum stress is known as yield strain or brittleness and it is related to the elastic properties of the network. Overall a sharp and early profile of breakdown is characteristic of a gel as opposed to the smooth stressstrain trace of a viscous liquid that does not show apparent signs of yield points on the curve. Between gels and liquids, butter and margarine show the most favoured spreading properties, documented by a shallow shoulder rather than a pointed peak on the breaking profile. It is generally recognized by those skilled in the art that the first criterion of a successful low fat spread is a force-deformation profile close to that of butter or margarine. This investigation reports on the failure properties and interactions of milk protein and maltodextrin mixtures in water continuous low-fat spreads and how these features are modified by processing and ingredients.
Materials and Methods
The commercial milk concentrate used was supplied by Ingredia, 71 St. Peter Road, Earley, Reading, Berks, U.K. It is traded under the name Promilk 602, containing 600 g/kg protein, 255 g/kg lactose, 80 g/kg ash and 15 g/kg fat. Its production involves ultrafiltration and spray-drying causing partial whey protein denaturation as well as interactions between whey protein and κ-casein. The maltodextrin samples used are commercially available from Cerestar, Trafford Park, Manchester, U.K. They are acid and enzyme hydrolysis products from potato starch with a number average dextrose equivalent (DE, the amount of measured reducing power relative to glucose as 100) between 3 and 12. For example the starch hydrolysate C*01906 with a DE of 3 corresponds to a polymeric species of (number average) 33 glucose molecules (degree of polymerization, DP). The remaining maltodextrins were C*01907, C*01908 and Trimchoice with DE values of about 6, 8 and 12, respectively. The other polysaccharides used were locust bean gum (Meypro flour M-175 from Meyhall), guar gum (RG20 Dealca from Hercules) and xanthan gum (Keltrol T; Kelco Division of Merck & Co. Inc.). The fat phase comprised rapeseed oil, colour (beta-carotene) and flavouring. Sodium chloride, potassium sorbate and lactic acid were purchased from BDH and they were of AnalaR grade. Spreads were prepared as follows: The maltodextrin sample was thoroughly dissolved at 95 °C for 15 min with vigorous agitation. The solution was cooled to 75 °C and then the remaining dry powders were added with slow agitation. The pH of the aqueous phase was adjusted to 5.2 using a 400 mL/L solution of lactic acid. The fat phase was made separately and maintained at 40 °C for some time to allow the colour to dissolve in the oil. The oil phase was added slowly into the water phase and the emulsion was homogenized at a pressure of ഠ 17 MPa. The water continuous preparation was then processed through a scraped surface heat exchanger, where the product moves through a high pressure piston pump, and it was pasteurized either at 90 °C for 15 s (HTST treatment) or at 130 °C for 5 s (UHT treatment). At the end, the product was hotfilled into tubs and stored at 5 °C for 2, 7 and 28 d. The overall composition of the control spread was 46 g/kg milk protein, 150 g/kg of C*01906 maltodextrin and 45 g/kg rapeseed oil. In studies of the effect of maltodextrin molecular weight on product gelation, the C*01906 was partially or totally replaced by equal amounts of the higher DE homologues. Changes in textural properties as a result of adding galactomannans or xanthan gum to the control formulation, at levels of 1, 2.5 and 5 g/kg, were also investigated. The large deformation properties of the spreads were monitored using a TA.XT2 Texture Analyser. Samples were compressed to 90% of the original height at a compression rate of 0.8 mm/s (about 2 inches/min) at 5°C
. Graphs were drawn taking into account the surface area of the cylindrical samples (stress is given in Pa on the ordinate) and the large extent of deformation by deriving the 'true' units of strain from the mathematical
, where L o is the original height and L is the height of the sample during compression (8) .
Triplicate results of force-deformation spectra upon compression analysis were very similar for each batch preparation. Thus a properly dissolved 250 g/kg C*01906 maltodextrin sample (95 °C; 15 min) produced a mean value of yield stress of 53.7 kPa with a standard deviation of 3.2 kPa. For typical concentrations (control spreads) and preparation conditions (HTST treatment, stored at 5 °C for 2 d) of the finished products, the mean value of rupture strength was 16.2 kPa with a standard deviation of 0.3 kPa. Overall it was verified that each sample of a particular batch formulation belonged to the 'population' from which it came at a 95% probability limit.
Results and Discussion

Implications of maltodextrin inclusion in the production of water continuous low-fat spreads
The processing of various dairy product and gelatin mixtures, mainly employed in the production of fat continuous margarine-like spreads (200 to 400 g/kg fat in the blend), is usually achieved within the temperature range of 60 to 75 °C at which the polymeric ingredients dissolve or denature without undue depolymerization (9) . However, our work on water continuous low fat spreads, at which maltodextrins are used widely as structuring ingredients (10), has shown batchto-batch variations in the rheological properties, thus suggesting that the aforementioned thermal treatment can not properly dissolve the starch hydrolysates. Inconsistent results were even obtained among HTST treated control samples, with batches left for 5 min at 85 °C during cooling being stronger than those cooled directly to ambient temperature (hardness values were 16 and 11 kPa, respectively). To check the effect of temperature on hydration of maltodextrin samples a calibration curve of optical rotation (O.R. at 365 nm) vs. C*01906 concentration at 75 °C was constructed. In doing so, samples in the concentration range from 10 to 300 g/L were dissolved thoroughly at 95 °C for 15 min and then they were taken to 75 °C where readings were recorded. A very acceptable linear dependence was found (O.R. = 0.557 ϫ concentration) which could be used in the estimation of the amount of maltodextrin dissolved under conditions identical to the real product situation. Thus, several C*01906 samples were dispersed in water at 75 °C with good mechanical stirring for 15 min and the samples were then centrifuged at 3450 g for 30 min. The resulting supernatants were separated by careful use of a Pasteur pipette and analysed by optical rotation for polymer content which was found to be 75 ± 2% of the original maltodextrin concentration. Obviously, the mechanical properties of the dissolved fraction of maltodextrin chains comes into question. Their contribution to the overall network strength was evaluated by keeping the supernatants at 5 °C for 24 h and then analysing them upon compression testing. As shown in Fig. 1 , samples showed very weak structures, reminiscent of thick viscous products. Therefore it seems that the polymeric fraction dissolved at 75 °C is comprised of low molecular weight C*01906 chains which do not adequately develop the elastic component of network structure. The tightly packed swollen particles of the precipitate however, show some structure which clearly distinguishes them from the liquidlike response of the supernatant, with the matrix managing to withstand compression up to ഠ 7 kPa (Fig.  1 ) in a rather discontinuous breaking pattern due to the absence of a homogeneous network. By contrast, compression of the refrigerated samples (24 h), which have been completely dissolved at 95 °C (15 min), gives the sharp breakdown profile typical of strong biopolymer gels thus emphasizing the importance of the remaining 25% of undissolved maltodextrin to the formation of an integral network. An attempt was made to see if pasteurization (HTST treatment) reclaims any of the undissolved polymer. In doing so, well-dispersed maltodextrin preparations at 75 °C were flashed to 90 °C for 15 s and then poured into ring moulds for subsequent analysis. Results indicate that C*01906 is not dissolved completely by the current HTST process (only about 74% of the structure is recovered in Fig. 1) , and explains why holding control samples at 85 °C for 5 min instead of direct cooling (see above) promotes the formation of a stronger network (additional, stress-bearing maltodextrin chains become soluble). Incomplete dissolution of maltodextrin during production of low-fat products, however, might have a beneficial effect on the rate of structure formation on cooling. In particular, it has been shown that retrograded amylose can accelerate gelation of hydrolysed potato starch, with its linear chains facilitating nucleation and then co-operative association with the branched, shorter structures of amylopectin (11) . Since a fraction of the maltodextrin sample remains undissolved during a conventional HTST treatment, its appropriateness as seeding material in product development was investigated. A 300 g/L C*01906 solution was prepared at 95 °C and poured into ring moulds, then held at 5 °C for 30 min. A small amount of the formed gel (ഠ 0.1 g) was added to a few of the 300 g/L maltodextrin solutions, in aliquots of 30 mL, at 50 °C.
Samples were left at 50 °C for 15 min before quenching to 5 °C in order to monitor visually the time required for the formation of self-supporting networks. For the seeded and the unseeded preparations the time-to-gel was 79 and 156 min, respectively. Therefore, as described by Schierbhaum and his co-workers for amylose (11) , the presence of ordered structure in a maltodextrin solution reduces the gelation time dramatically; in our case almost 50%. However, it remains to be seen if inclusion of a small amount of seeding amylose or maltodextrin in the aqueous phase will become an extra help in the development of low-fat products. For the remaining objectives of this investigation, maltodextrin samples were properly dissolved (95 °C; 15 min) and added to the milk phase at 75 °C. The effect of gelling hydrolysate chain-length on the mechanical properties of water continuous spreads was briefly investigated by gradually replacing the C*01906 (used at 150 g/kg in the control product formulation; DE ഠ 3), with lower molecular weight homologues (Fig. 2) . For example, a formulation comprising 120 g/kg C*01906 and 30 g/kg C*01907 (DE ഠ 6) has produced a less efficient gelling agent than the control causing in this case a reduction of about 20% in network strength. A preparation of 120 g/kg C*01906 and 30 g/kg C*01908 (DE ഠ 8) weakened the system further (about 60% compared with the control), in accordance with the additional reduction in the overall chain-length of the maltodextrin blend. Finally, straight Mixed gels of milk protein and maltodextrin have been shown to form phase separated networks (5) as opposed to interpenetrating and coupled structures seen for combinations of other gelling biopolymers (12) . In the phase separated mixed gels, one polymeric component forms the continuous supporting matrix which surrounds the discontinuous inclusions of the second biopolymer. Based on the above, one could argue that the diminishing number average molecular weight of maltodextrin samples, indicated by smaller dextrose equivalent values, results in the reduction of their gelling capability thus contributing to a weaker composite system. Furthermore, formation of selfsupporting samples, in the presence of a non-gelling maltodextrin (Trimchoice), argues for a milk protein continuous matrix penetrated by the increasingly weaker maltodextrin filler whose eventual liquefaction enfeebles the composite but it does not cause total loss of cohesion.
Effect of galactomannans and xanthan on HTST and UHT processed water continuous spreads
Control HTST treated samples analysed 2, 7 and 28 d after their preparation, showed a progressive increase in rupture strength (Fig. 3) . Hardness values developed from 16 kPa after 2 d maturation to 21 kPa on compression after 4 w. Spreads also became slightly less elastic since their yield strain lessened from 26 to 23% over a 26-d time interval. The same samples under UHT treatment behaved differently. They broke at a lower stress (about 11 kPa) which remained virtually unchanged throughout the course of experimentation (28 d). Similarly, brittleness kept a constant value at about 25% strain. Therefore, the HTST treatment allows aggregation of intact nucleating chains which grow larger with time to develop a substantial structure in the system. By contrast, depolymerization or/and extensive denaturation of the polymeric macromolecules during the UHT heating, renders the rates of further network association insignificant during the timescale of the analysis. Introduction of 1 g/kg locust bean gum (LBG) to the system created weaker networks than the control. As shown in Fig. 4 , there was a dramatic decrease in hardness values from 16 to 10 kPa for the HTST-treated samples. Surprisingly, at 2.5 g/kg LBG the network recovered almost entirely (the rupture strength was about 15 kPa). This trend continued at higher concentrations of LBG, to such an extent, that the strength of the 5 g/kg LBG network exceeded the yield stress of the control sample. In the same manner, UHT treated samples showed a decline in hardness from 11 to 5 kPa in the presence of 1 g/kg LBG and then a U-turn, to achieve a value of ഠ 9 kPa at 2.5 g/kg of the gum. The effect of LBG on the large deformation properties of the milk protein-maltodextrin structured spreads is also seen for another member of the galactomannan family, guar gum, but this time the whole spectrum is shifted to higher polymer concentrations. As shown in Fig. 5 , addition of 1 g/kg guar gum to the water continuous preparations reduces the gel strength from 17 kPa (control) to about 15 kPa. This time however, the weakest network is obtained at 2.5 g/kg guar (hardness of ഠ 12.5 kPa) and the U-turn is completed at 5 g/kg guar gum with the system achieving similar hardness values (16 kPa) to those of the control. A possible explanation suggests that the galactomannans at low concentrations interfere with the building of the protein or/and maltodextrin intermolecular structure, since on a weight basis both gums are much more flexible and expanded than the two gelling agents, thus creating weaker networks. Steric exclusion phenomena between the gelling agents and the gums at higher concentrations, could create a ternary phase separated system where the water is partitioned between phases thus concentrating up the protein and polysaccharide phases and stimulating the recovery in network strength. An alternative hypothesis however, assumes that whereas the galactomannans at small concentrations infringe the protein and/or maltodextrin network, at sufficiently high concentrations, they develop synergistic interactions with the gelling components of the system thus acting as a bridge for the formation of intermolecular junction zones. Formation of coupled arrangements would convert the phase separated, milk protein continuous mixture (argued in the preceding section) into a co-operative three-dimensional network. Heterologous interactions between LBG or guar and certain helix-forming polysaccharides (agarose, xanthan and kappa carrageenan) are well known (13, 14) . In general the phenomenon is believed to involve unsubstituted regions of the mannan backbone, i.e. relatively smooth surfaces, with the ordered conformation of the second polymer to create mixed-junction zones. Based on the typical mannose to galactose ratio for LBG and guar (3.55 and 1.56 respectively), one would expect that LBG is ഠ 2.3 times more effective (3.55/1.56) than guar in the development of direct associations with different biopolymers to form a single network. Comparison of Figs 4 and 5 supports this idea with the recovery in the LBG-containing system commencing at much lower concentration of galactomannan, required for the guar-supported milk protein and/or maltodextrin chains (1 and 2.5 g/kg, respectively). The type of interaction between galactomannans and the gelling components of the spread was also investigated using depolymerized LBG. Intrinsic viscosity measurements revealed that the depolymerization treatment resulted in a three-fold reduction in the average molecular weight of LBG chains which, of course, corresponds to a 27-times smaller hydrodynamic volume for a unit of concentration. As shown in Fig. 6 , space occupancy considerations and reduction in the intrinsic power of the galactomannan to exclude the remaining biopolymers from its phase volume are not of prime importance, since the shorter chains of the gum have the same effect as the intact LBG chains (yield stress values show the expected U-turn dependence on LBG concentration in the blend).
The idea of a synergistic interaction between galactomannans and the gelling agents, triggered by the different degree of branching of galactose residues along the mannose backbone, was tested further by replacing the gums with xanthan, a thickener of different backbone conformation and distribution of sidechains. According to Fig. 7 , xanthan-containing samples produce yield stress values of about 18 kPa, presumably by creating a suspension medium that retains the milk protein and maltodextrin ensembles uniformly dispersed upon mixing. During processing (initial pasteurization followed by cooling) stable gelled phases are formed thus creating a macroscopically homogeneous product of maximum gel strength. Beyond the breaking point, the viscous response of the spreads is proportional to the amount of xanthan, which itself does not contribute to the mechanical structure of the network but it enhances the resistance to flow under conditions of continuous shear (prolonged deformation up to 0.8 units of true strain). Therefore, it goes without saying that the weak gel properties of a xanthan network bear no resemblance to the synergistic phenomena argued for the galactomannans and the milk protein-maltodextrin assemblies.
Having established the pattern of hardness variation as a function of increasing amounts of galactomannan in the mixture, we attempted to identify the gelling agent responsible for the heterotypic cross-linking. In doing so, LBG was added separately to each gelling component and the texture profiles of the samples were recorded. Maltodextrin preparations reproduced a sharp breaking profile, characteristic of a strong polysaccharide gel (see for example Fig. 1 for the sample dissolved at 95 °C), which was enhanced slightly by the presence of LBG in the sample. However, the protein preparation showed the characteristic U-turn in mechanical strength ( Fig. 8) with increasing amounts of LBG in the manner documented for the mixed systems of Fig. 4 . Furthermore, high levels of LBG (2.5 and 5 g/kg in the mixture) introduce a shoulder on the stressstrain profile, required in the production of edible plastic dispersions (see introduction), which is not seen in the force-deformation curves of single milk protein gels. A speculative interpretation, which invites further research in the subject, features a critical threshold of gum concentration to polymer surface area below which the conventional development of a protein network is restricted by the presence of LBG. At another stage however, which we envisage being reached at a higher content of LBG, formation of cooperative interactions will take place between the expanded coils of galactomannan and the colloidal assemblies of milk protein particles, perhaps by a mechanism known as bridging flocculation in the language of colloid science. The qualitative agreement in the pattern of breakdown (initial decrease and subsequent recovery of modulus values) between the protein-LBG system and the ternary finished product, reinforced by the presence of maltodextrin, is also consistent with a protein continuous network, albeit an heterotypic one this time, penetrated by the maltodextrin inclusions.
Conclusions
Some background understanding of the phase behaviour and rheology of the milk protein-maltodextrin systems with and without thickening agents was obtained, and their practical implications for the production of water continuous low-fat spreads was investigated. It seems that the two gelling components exclude each other from their phases, thus forming a composite of a milk protein continuous network penetrated by the maltodextrin inclusions. The mechanical strength and the gelation rate of a maltodextrin structure depends on the molecular weight of the polymer and the heat treatment, i.e. the extent of its solubilization during processing. Initial addition of galactomannans to the mixed system had an adverse effect on the mechanical strength of the product, but the rigidity of the network recovered at higher levels of both LBG and guar gum. The U-turn in network strength was not observed in the presence of xanthan gum or in single maltodextrin-galactomannan systems. However, the pattern of stress-strain change as a function of galactomannan content in the spread followed closely that of milk protein-LBG (intact and depolymerized), strongly advocating the formation of an heterotypic milk protein-galactomannan network that supports the remaining ingredients in the final product.
